In this work we study the mechanical relaxation spectrum of Pd42.5Ni7.5Cu30P20 metallic glass. The effect of aging on the relaxation behavior is analyzed by measuring the internal friction during consecutive heating runs. The mechanical relaxation of the wellannealed glass state is modeled by fitting susceptibility functions to the primary and secondary relaxations of the system. The model is able to reproduce the mechanical relaxation spectrum below the glass transition temperature (sub-Tg) in the frequency-temperature ranges relevant for the high temperature physical properties and forming ability of metallic glasses. The model reveals a relaxation spectrum composed by the overlapping of primary and secondary processes covering a wide domain of times but with a relatively narrow range of activation energies.
INTRODUCTION
The mechanical relaxation behavior of metallic glasses is strongly related to the plastic and viscous deformation mechanisms as well as to the physical aging process. The microscopic mechanisms allowing the glassy structure to relax under an external mechanical perturbation must be similar to those involved in plasticity and viscous flow under continuous deformation. In addition, they are expected to be closely linked to those changing the glass structure towards more stable states during physical aging, as this process is driven by the release of internal stresses quenched-in during the glass formation process.
Mechanical relaxation of metallic glasses can be probed by quasi-static or by oscillatory measurements. In quasi-static measurements, a constant stress 0 σ (or strain 0 ε ) is 'instantaneously' applied and the time evolution of strain ( ) t ε (or stress ( ) t σ ) is characterized by a response function ( ) t ϕ which usually has the look of a stretched exponential decay. In oscillatory measurements, the ratio between stress and strain is given (2) was found consistent with a Kohlrausch-Williams-Watts (KWW) stretched exponential relaxation in the time domain 8
(
Many different metallic glasses have been characterized by mechanical spectroscopy.
Although different values of KWW β are reported depending on the experimental technique or the relaxation state of the glass 9 , the survey of the experimental data evidences that metallic glasses show a stretching exponent KWW β~0.5 independently of compositional or liquid fragility differences 8, 10 .
In the case of Pd-based metallic glasses, the relaxation peak shows an obvious shoulder at lower temperatures (for isochronal measurements) or, equivalently, at higher frequencies (for isothermal measurements). This shoulder is associated with a secondary process (βrelaxation) and, although with different degrees of intensity, was observed in all Pd-based alloys 3 . The presence of secondary relaxations has been found in many other metallic glasses 11, 12 . In some systems, particularly La-based glasses, a distinguishable secondary relaxation is observed well separated from the α-peak [13] [14] [15] . In these latter cases the analysis of the two processes can be performed more easily, allowing one to determine both the shape of the response function . In other glassy systems, for instance Cu-Zr-based glasses, only an excess wing of the α-process is detected at temperatures below the glass transition 16 . The characterization of the secondary process in these systems is harder as it is almost completely overlapped with the α-peak tail generated when ( ) In Pd-based metallic glasses the secondary process is partially overlapped with the main α-relaxation. This allows one the determination of many of its characteristics, particularly in the highest frequency region, but in the overlapping region the contributions of both processes are difficult to discriminate. Qiao et al. showed this clearly in figure 10b of ref. 2 where the superposition of the two relaxation models proposed for the α and β processes detected at 620 K (at 2 K/min) and 650 K (at 20 K/min). The span between glass transition and crystallization was always larger than 60 K, as expected for this high-GFA alloy. The dynamic mechanical analysis and elongation measurements were performed with a TA Instruments Q800 DMA in tension mode. The DMA measurements were recorded by applying oscillation amplitudes of 5 µm (equivalent to a strain of 0.05%). 
RESULTS. A) EXPERIMENTAL MEASUREMENTS
GPa, which is the shear modulus expected for Pd-Ni-Cu-P amorphous alloys. As described in detail by Khonik et al. 19, 20 the viscosity below g T is dependent on the heating rate of the measurement as
; a shift due to the heating rate is also expected for the internal friction DMA measurements 21, 22 . In this work all DMA and elongation measurements were performed at the same 2 K/min heating rate. The effect of aging is clearly visible in the elongation behavior; the difference in viscosity between as-quenched and annealed ribbons is higher than one order of magnitude.
The red line corresponds to relaxed ribbons (pre-annealed above glass transition) and it shows three different flow regions; below 525 K, between 525 K and g T , and above g T . In the low temperature region the viscosity is very high and diminishes slightly with increasing temperature, in this region the viscosity obtained from quasi-static creep measurements is in well agreement with the one measured by monitoring elongation under continuous heating 23 . Above 525 K the viscosity decreases more rapidly with temperature,
showing the expected change from glassy to liquid behavior at the glass transition region.
Above g T viscosity agrees well with the VFT behavior (solid line) calculated from the αpeak temperature position or from the liquid fragility as discussed below.
Relaxed ribbons, heated up to 573 K (above the glass transition) and cooled down to 313 K were subsequently analyzed by DMA. Both heating and cooling rates were set to 2 K/min. With this pre-annealing protocol the isochronal measurement at 2 K/min is expected to show the response of an isoconfigurational state with very small contribution of in situ physical aging while in the glassy state. Defining g T as the calorimetric glass transition temperature detected at the same heating rate, the studied temperature range can be divided into two regions; one corresponding to an equilibrated supercooled liquid ( 
RESULTS. B) MODELING OF PRIMARY AND SECONDARY RELAXATIONS
Similarly to previous works 24 , the model is based on two relaxation processes (α and β).
The modeling is performed for an isoconfigurational glass, i.e. it does not suffer in situ physical aging during the isochronal DMA measurements. Therefore, at temperatures below the glass transition the system is considered to be arrested in a one particular glassy state. For this isoconfigurational state the average relaxation times of the α and β processes, When the temperature is above g T , the relaxation time of the α-process is assumed to follow a VFT function 1, 29 ( ) 
Here it must be noted that liq E α is linked to the fragility of the equilibrated liquid by equation 6 and therefore it is unique for a given substance. On the contrary, the activation 
Here it should be noticed that subscripts refer to the α-process while exponent α is the broadening parameter of the function. The imaginary part
of the CC-function gives a symmetric peak respect to ω log and it is only able to reproduce the lowtemperature (or high-frequency) side of the α-relaxation of metallic glasses 8 ; in order to reproduce the whole shape an asymmetric function like Havriliak-Negami function 32 
is chosen to model the shape of the secondary process. A discussion of the basic traits of the diverse response functions used in the study of the relaxation phenomena in amorphous substances is given in refs. 33, 35 ; for the Bergman function parameters a and b determine respectively the slope of the low and high-frequency tails, parameter C sets the bluntness of the peak and parameter p is used to adjust the height of the relaxation peak. Figure 5 shows the best fitting of the Bergman function given by a =0.58, b =0.67, p=0.18 and C =0.86. figure 6 . In next section the validity and reasonableness of the approaches used in the modeling will be discussed, here it is noticed that the experimental data is well-described within the frequency and temperature range usually probed by mechanical spectroscopy of metallic glasses. 
DISCUSSION
The effect of physical aging, as seen in figures 1 and 2, is huge on both loss modulus and viscosity. Considering the two figures, it is clear that the higher loss modulus observed in the first heating-cooling cycles coincides in temperature with physical aging driving the system towards states of higher viscosity. This implies that the physical aging occurring at a heating rate of 2 K/min is significant when structural movements with characteristic times corresponding to frequencies between 0.1 to 10 Hz become thermally activated. Future work is needed in order to assess quantitatively the relationship between the degree of aging and the internal friction response of metallic glasses. The model presented here can be used to estimate the loss modulus at low temperatures and frequencies below the attainable experimental window of conventional DMA measurements and, therefore, it may be used for studying the relationship between the intrinsic relaxation processes of the material and the activation of physical aging at lower temperatures and longer annealing times.
The relaxed state (red line in figure 1 ) of Pd42.5Ni7.5Cu30P20 still shows a significant amount of low temperature internal friction, as noticed by the prominent loss modulus shoulder. This is not the case in other metallic glasses in which well relaxed states only show a low-temperature excess wing of the primary relaxation 9, 17, 34 . The presence of sub-Tg mechanical relaxation with significant intensity is found in most Pd-based metallic glasses and it is probably related to the good ductility shown by this family of amorphous metals 36 .
The model developed here can be used to estimate the intensity of the mechanical relaxation processes at low frequencies, this giving information on the slow processes involved in the plastic deformation of metallic glasses.
The model presented is based on the following main simplifications: 1) The unrelaxed storage modulus 0 M is considered not dependent on temperature. Actually, 0 M is expected to decrease monotonically with temperature due to thermal expansion of the structure. The effect on the loss modulus (imaginary part) is small, as the work is focused on the loss modulus this effect has not been taken into account. In order to reproduce the experimental storage modulus this temperature dependence should be introduced in the model. 2) The primary relaxation is modeled by the one parameter CC-function. The symmetric CC function is not able to reproduce the high temperature region above the dynamic glass transition 8 , here we adopted this simplification as the interest is focused on the sub-Tg region.
3) The sub-Tg relaxation is assumed as consequence of just two processes.
However, the broad relaxation secondary peak suggests a contribution of different processes covering a wide range of relaxation times, as observed by direct spectrum analysis of strain or stress relaxation in other metallic glasses 37-41 .
As Surprisingly, this broad distribution of relaxation processes shows average activation energies within a rather narrow range of 160-230 kJ/mol. All the detected relaxation processes, including the faster events responsible of the low temperature tail of the secondary peak (at temperatures more than 100 K below Tg) as well as the slow primary relaxation responsible of viscous flow near Tg show activation energies within this range. This is in contradiction with the potential energy landscape view of a secondary process with much lower activation energy barrier than the primary relaxation 42, 43 .
In many previous analyses, the activation energies were calculated in the glassy state (T < Tg) for β-relaxation and in the liquid state (T > Tg) for α-relaxation. The analysis presented here shows that at the same temperature the two processes has to surpass energy barriers not too different. The picture that emerges is the following; at temperatures below but near glass transition there are thermal activated structural movements which allow the system to relax and eventually flow under an applied stress. Whether or not these movements are collective is dictated by the duration of the applied stress. Under short stress cycles, the structural movements do not have time to align in a collective response and they just generate internal friction while, under constant stress, they concatenate resulting in complete relaxation or viscous flow after a long time. However, the average energy barriers controlling the activation of both short and long structural movements are not too different.
In order to further elucidate this point a direct spectrum analysis from quasi-static stress relaxation measurements is currently undertaken and will be presented in future work.
CONCLUSIONS
The sub-Tg mechanical relaxation spectrum of Pd42.5Ni7.5Cu30P20 metallic glass is characterized by the overlapping between secondary and primary relaxations. The experimental response at different temperatures and frequencies has been successfully modeled by considering two relaxation processes with average relaxation times ( )
